Objective-To verify the aetiological involvement of enterovirus and identify the viral genomic sequences in Keshan disease. Design-Formalin fixed, paraYn embedded myocardial necropsy tissue samples were collected in Keshan disease endemic regions. Fourteen cases with a histologically confirmed diagnosis of subacute or chronic Keshan disease were studied. Control tissue included 10 samples of myocardium from cases of cerebral trauma and one from accidental acid intoxication. One sample from a case of enteroviral myocarditis was used as a positive control. The presence of viral genomic RNA was investigated using an established reverse transcription nested polymerase chain reaction (PCR) coupled with direct nucleotide sequencing. Further investigations of PCR positive samples included in situ antigen detection or hybridisation to confirm positive results. Results-Nine of 14 myocardial samples from Keshan disease cases and the positive control were positive for the enteroviral RNA. All the controls were negative. Six of the PCR positive samples were investigated further by in situ enteroviral antigen or RNA detection and all were positive. DNA sequencing of six representative PCR products confirmed that they were homologous to the 5' non-translated region of enteroviral genomic RNA. Five had highest homology to coxsackievirus B genotypes and one was identical to poliovirus type 3. Conclusions-These results support an aetiological role for enteroviral infection in Keshan disease. Nucleotide sequence data suggest that coxsackievirus B or coxsackie B like viruses are often involved in Keshan disease. (Heart 2000;83:696-701) 
Enteroviruses, particularly the group B coxsackieviruses, are the most common agents of viral myocarditis 1 and are associated with the pathogenesis of dilated cardiomyopathy. 2 The presence of enteroviral genomic RNA, detected by nucleic acid hybridisation or enzymatic amplification in myocardial samples from diVerent stages of myocarditis and dilated cardiomyopathy, suggests a progression from acute myocarditis to dilated cardiomyopathy. Furthermore, persistence of enteroviral RNA in the heart is an independent predictor of poor prognosis. 3 Persistence may involve an altered pattern of viral transcription in heart or skeletal muscle. 4 5 This has been confirmed in a transgenic mouse model where the production of defective coxsackievirus B3 RNA in the heart leads to the development of a heart muscle disease resembling dilated cardiomyopathy in humans. 6 Additionally, the enteroviral protease 2A cleaves dystrophin in vitro and in coxsackievirus B3 infected mouse heart, and may be a molecular mechanism involved in the pathogenesis of enterovirus associated dilated cardiomyopathy. 7 Keshan disease was formerly considered to be an endemic cardiomyopathy of unknown aetiology in China. The disease was first observed in Keshan County in northwestern China and occurs exclusively in selenium deficient rural areas occupying a wide zone running from the northeast across the middle of China to the southwest. From 1947 to 1952, a total of 4758 patients in the northeast died of Keshan disease. 8 There were 2581 cases reported between 1974 and 1983 in the Chuxiong region of Yunan Province in the southwest. The average annual morbidity was 10/100 000 population. 9 During the worst outbreak of Keshan disease in Chuxiong in the 1960s, the morbidity was more than 100/ 100 000 population, and mortality reached 98%. 10 A national survey conducted between 1990 and 1994 examined a total of 38 592 individuals living in Keshan disease endemic regions in 10 provinces. Among these, 1620 were diagnosed as Keshan disease, including 104 new cases, giving an incidence of 0.27%.
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The disease aVects predominantly preschool children and women of childbearing age in agricultural families. Clinical features are the acute or chronic episodes of heart disorder characterised by cardiogenic shock, ECG changes (for example, right branch block), and congestive heart failure. Four types of the disease are seen: acute, subacute, chronic, and latent or compensated. The basic pathological change is multifocal myocardial necrosis and fibrous replacement. 8 12 In addition to extensive research on the relation between environmental selenium level and Keshan disease, 13 infectious agents have been implicated. In analogy with viral myocarditis, enterovirus has been isolated from patients with acute or subacute Keshan disease, 14 15 and retrospective serology links enterovirus infec-tion with the disease. 16 Direct evidence is derived from the use of molecular biological techniques, in that enteroviral genomic RNA was detected in necropsy heart samples from Keshan disease cases by in situ hybridisation 17 or reverse transcription polymerase chain reaction (RT-PCR). 18 Nevertheless, interaction between selenium and virus has been observed, in that selenium deficiency increases the cardiovirulence of coxsackievirus B3 by mutations in the viral genome in a mouse model of viral myocarditis. 19 To establish the aetiological role of enteroviruses in Keshan disease and to characterise the genomic sequence of the viruses involved, we conducted a multicentre study using an established RT-PCR technique coupled with direct nucleotide sequencing. The reliability of these techniques has been evaluated in an experimental model of coxsackievirus B3 myocarditis 20 and used successfully in our laboratory to identify enterovirus involved in human heart muscle disease. Established reverse transcription nested polymerase chain reaction (RT-NPCR) methods were used to detect enteroviral RNA. 21 22 . Details of PCR and second stage nested PCR primers are given in table 2. Primers for enterovirus sequence amplification are targeted to conserved motifs within the 5'NTR or capsid protein coding region of enteroviruses and so they are enterovirus group specific, detecting a broad range of serotypes. For a reverse transcription reaction, total nucleic acid from tissues was used in a volume of 50 µl, containing 50 mM Tris-HCl (pH 8.3), 70 mM KCl, 3 mM MgCl 2 , 10 mM dithiothreitol, 0.5 mM dNTPs (Promega), 25 units of RNA inhibitor RNAsin (Promega, Southampton, UK), 0.1 nmol of primer R68, and 200 units of Superscript II RNase H-free reverse transcriptase (Gibco BRL, Paisley, UK). The reaction was carried out at 42°C for one hour. PCR was performed on 15 µl of the reverse transcription reaction in a total volume of 100 µl. The following conditions were employed: 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM dNTPs, primers F252 and R68 or F16 and R5 (0.1 nmol each), and 2.5 units of Taq DNA polymerase (Promega). The cycling reaction involved 
RT-NPRC, reverse transcription nested polymerase chain reaction; SKD, subacute Keshan disease; CKD, chronic Keshan disease; CT, cerebral trauma. The RT-NPCR for actin was employed to verify the quality of total RNA extracted from tissue samples and was performed similarly, except for the anealing temperature of 65°C for first stage PCR and 55°C for NPCR.
Precautions taken to avoid false positive results caused by contamination during RT-NPCR included the use of filter tips and of separate rooms, containment cabinets, and pipettes for RNA extraction, assembly of reaction mixes, and enzymatic amplification. 20 PURIFICATION OF NPCR PRODUCTS AND DIRECT SEQUENCING NPCR products were isolated using a PCR product purification kit (Qiagen, West Sussex, UK). The purified NPCR products were sequenced directly on an automated ABI model 373A sequencer as described previously. 20 
ANALYSIS OF SEQUENCE DATA
The forward and reverse sequence data from each PCR product were aligned using the SeqEd program (PE-Biosystems, Warrington, UK). The consensus sequence was compared with other amplicons and to the DNA sequence database (GenBank) using the program AssemblyLIGN (Oxford Molecular Group, Oxford, UK) or the GCG group of programs at SERC Seqnet facility, Daresbury, UK.
IN SITU DETECTION OF VIRAL ANTIGENS AND GENOMIC RNA
ParaYn sections were dewaxed and rehydrated by standard histological methods. An enterovirus group specific monoclonal antibody (Mab) 5-D8/1 (DAKO, Cambridge, UK) was used to detect the viral capsid protein VP1. 23 Immunostaining was carried out by an indirect immunohistochemistry after heat treatment of sections for antigen retrieval 24 and the EnVision TM detection system (Dako, UK) was employed to visualise antibody-antigen complex. For in situ hybridisation, either a mixture of PCR primers (F252, F24, R253, R68, P2; table 2) or a single primer (P2) was labelled with digoxigenin for use as probe. Hybridisation was carried out according to the manufacturer's instructions (Boehringer Mannheim, Bracknell, Berkshire, UK). It was anticipated that multiple primer probes would enhance the hybridisation signal. (fig 1A) . The reverse transcription products (cDNA) of positive samples were retested with diVerent primer pairs-F16/R5 for the first round and F3/R8 for the nested PCR. The expected 511 bp product was amplified in all samples tested ( fig 1A) . These results were reproducible in repeated experiments by diVerent workers. In contrast, all 11 normal heart tissue samples were negative. RT-NPCR for the housekeeping gene, actin, was positive in all samples (fig 1B) , excluding false negative results. All reagent controls lacking RNA were negative. PCR contamination from the environment was assessed by DNase or RNase (Promega) treatment of the RNA preparations from patients 3, 8, and 9. The PCR positivity was not aVected by DNase digestion, but was abolished by RNase treatment. PCR without reverse transcription failed to yield a product (fig 2) . These results confirm that the RT-NPCR products seen were not false positives owing to DNA contamination or to cross reactivity with human DNA in the samples. PCR products were sequenced to confirm and characterise enterovirus in the detected clinical samples. Each purified NPCR product was sequenced in both directions. Consensus sequences without ambiguity were obtained from six NPCR products amplified with primer pairs F3/R8 or F24/R253, or both, and compared with the sequence database in GenBank. Five of the six sequences showed greatest homology with the 5'NTR of coxsackievirus B3, and the remaining one was identical to the 5'NTR of wild type poliovirus type 3 (strain P3/119). 26 Among the coxsackievirus-like sequences, two were identical with greatest homology to coxsackievirus B3 (88.6%) or to those in the coxsackievirus-like phylogenetic cluster (GenBank accession Nos AF198383 and AF198384). 27 Three cases (3, 8, and 9) were identical to coxsackievirus B3 strain Nancy. 28 DNA sequences of the NPCR product (primers F24/R253) from the positive myocarditis control showed 97-99% similarity with coxsackievirus B3. Its GenBank accession No is AF197926 (table 3) .
Figure 2 Agarose gel electrophoresis of enterovirus reverse transcription nested polymerase chain reaction (RT-NPCR) products from patients 3, 8, and 9. The RNA extracts from these three patients were subjected to DNase (D) or RNase (R) treatment before RT-NPCR. PCR was also performed on these samples directly without reverse transcription (RT−).

ENTEROVIRAL CAPSID PROTEINS AND GENOMIC
RNA IN SITU IN KESHAN DISEASE HEARTS
Having observed sequences identical to coxsackievirus B3 in samples from three Keshan disease patients, further experiments were performed to exclude the possibility of contamination from environmental or incidental sources by coxsackievirus B3 or its genomic RNA or cDNA, in which case viral antigens or genomic RNA would not be localised in the cytoplasm of myofibres. Tissue sections from patients 3, 5, 6, 8, 9, and 10 were examined using in situ antigen detection or in situ hybridisation techniques. Further tissue sections were not available from patients 1, 2, and 4 for in situ detection. Either viral capsid protein VP1 or viral genomic RNA was detected in these six samples by immunohistochemistry using Mab 5-D8/1, or by in situ hybridisation using the digoxigenin labelled enterovirus specific probes. Signals were localised in the cytoplasm of aVected myofibres (fig 3) , confirming the involvement of enterovirus in Keshan disease and the positive results obtained by RT-NPCR. Hybridisation signals were stronger when using multiple oligoprobes than when using a single oligoprobe, as expected. Viral antigen was also detected in sections from the positive control. Enteroviral capsid protein VP1 and genomic RNA were not found in tissue sections of control samples.
Discussion
Since an outbreak of Keshan disease in 1935, speculation on the aetiology of the disease has been focused on selenium deficiency and virus infection. Selenium is a component of glutathione peroxidase, and deficiency of this antioxidant is linked to cardiovascular diseases, including Keshan disease and cardiomyopathy. 33 In the present study, exact selenium status of these Keshan disease patients and controls before their death was not known, but Chuxiong Region is noted for selenium deficiency in the environment and in its inhabitants, and is one of the high risk Keshan disease endemic regions. 34 Selenium supplementation has been instituted in China in Keshan disease endemic areas, but despite restoring the plasma selenium and the decrease in incidence of Keshan disease in last two decades, 13 the programme has not eliminated Keshan disease. In addition, it is known that Keshan disease has annual and seasonal fluctuation of incidence. 8 These observations have led to a hypothesis that selenium deficiency (with other nutritional factors, for example vitamin E) is an important environmental and nutritional predisposing factor or one of the key interacting factors, but not the only factor in the development of Keshan disease. 35 One mechanism by which selenium deficiency may act in the pathogenesis of Keshan disease is to increase cardiovirulence of enteroviruses by changes at the viral nucleotide sequence level. 19 This is supported by a mouse model where the gene for the selenium dependent enzyme glutathione peroxidase 1 (GPX-1) was disrupted (Gpx1−/−). Damage to the heart of Gpx1(−/−) mice after infection with an avirulent coxsackievirus was caused by mutations in the viral genome, which generated a cardiovirulent strain. 36 Enteroviruses were implicated initially in Keshan disease by virus isolation, serology, and recently the detection of enteroviral genomic RNA in the myocardium from patients at diVerent stages of the disease. In one study, 18 of 21 formalin fixed, paraYn embedded necropsy heart tissue samples were positive by RT-NPCR specific for the 5'NTR of enteroviral RNA, but all 10 normal heart tissues were negative. 18 Some of the same subacute Keshan disease samples had been investigated earlier by an independent laboratory using in situ hybridisation, and 18 of 20 samples were positive for enteroviral RNA. 17 In this study a cDNA clone of 5'NTR of coxsackievirus B3 was employed as probe. Similar observations were made in acute or chronic Keshan disease. Naturally, we were concerned about these very high positivity rates, which had not been verified by nucleotide sequencing.
In the present multicentre collaborative study, strict precautions were followed to avoid PCR contamination, and diVerent workers were assigned to repeat the experiments. Enteroviral RNA was detected in nine of 14 patients with Keshan disease (around 65%), whereas all 11 control samples were negative. The positivity rate was higher in subacute Keshan disease (six of seven cases) than in chronic Keshan disease (three of seven). This prevalence is comparable with previous observations, 17 18 but higher than in other types of heart muscle disease. 2 21 This may be accounted for by patient selection, large necropsy tissue samples, and the use of highly sensitive nested PCR techniques. Most of the positive samples were from young patients, who died in the early phase of subacute Keshan disease. Immunohistochemistry results demonstrated extensive viral antigen distribution in these samplesthat is, a large area of myocardium had been infected by enterovirus ( fig 3B and our unpublished data) .
Sequence analysis of PCR products shows that most enteroviral sequences (five of six) detected in the myocardium from cases of Keshan disease resemble those of coxsackie B-like viruses, in accordance with recent studies on patients with myocarditis and dilated cardiomyopathy. 21 37 However, the 5'NTR sequences of enteroviruses do not necessarily correlate with serotypes, although several phylogenetic clusters could be distinguished on this basis. 27 Identification of serotype related nucleotide sequences requires analysis of regions coding for viral capsid proteins, for example VP1. 38 A question that immediately arises is whether the three sequences (in patients 3, 8, and 9) were caused by PCR contamination, and how and when that could occur. Could contamination be excluded? Further experiments suggest that the presence of coxsackievirus B3 sequences identical to the 5'NTR of the Nancy strain in these samples is unlikely to reflect incidental cDNA or virus contamination because first, the positive RT-NPCR result was not abolished by DNase treatment of the RNA preparation; second, PCR amplification of the RNA extract without reverse transcription failed to yield products; and third, viral capsid protein VP1 and genomic RNA were detected in tissue sections and localised in cytoplasm of myofibres (fig 3) .
Enterovirus sequences from one positive sample matched poliovirus type 3. The significance of this finding is not clear, but myocarditis was observed at necropsy examination in a proportion of patients who died of acute poliomyelitis before the poliovirus immunisation programme. In further studies, poliovirus was isolated from the hearts of three of five persons who died of the disease. These isolates caused not only the characteristic lesions in the anterior horn of monkeys but also myocardial lesions resembling those observed in the human disease. 39 Another possibility is that the child had a recent dose of live polio vaccine. As no oYcial medical records are available, this speculation cannot be confirmed. However, live polio vaccine boosters had been oVered to children within China in the WHO campaign for eradication of poliomyelitis. The enterovirus group specific RT-NPCR would be able to detect poliovirus in blood in heart tissue; as no more tissue from this case is available for in situ detection of the viral antigen or RNA, such a possibility cannot be excluded. It is not surprising that the sequence matches wild type poliovirus 3, as the attenuated strain reversed to neurovirulence within a few days of oral administration of Sabin live vaccine, and the mutants were readily isolated from stool samples. 40 . This is unlikely to be caused by contamination, as wild type poliovirus 3 is not kept in our laboratory.
These data show that enteroviruses are involved in a large proportion of cases of Keshan disease and strengthen the hypothesis that this disorder may be caused by virus infection in an unusual environmental and nutritional setting, where selenium deficiency and other nutrient deficiencies (for example, vitamin E) are predisposing or interacting factors. 35 41 For the first time, nucleotide sequence data show that enteroviruses, mostly in the coxsackievirus B phylogenetic cluster, may be involved as aetiological agents. In addition, our study confirms that archival tissue is suitable for detection of both enteroviral genomic RNA and capsid protein VP1 (with Mab 5-D8/1).
